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Available online 8 May 2008Fuselloviridae are ubiquitous crenarchaeal viruses found in high-temperature acidic hot springs worldwide.
The type virus, Sulfolobus spindle-shaped virus 1 (SSV1), has a double-stranded DNA genome that contains 34
open reading frames (ORFs). Fuselloviral genomes show little similarity to other organisms, generally
precluding functional predictions. However, tertiary protein structure can provide insight into protein
function. We have thus undertaken a systematic investigation of the SSV1 proteome and report here on the
F112 gene product. Biochemical, proteomic and structural studies reveal a monomeric intracellular protein
that adopts a winged helix DNA binding fold. Notably, the structure contains an intrachain disulﬁde bond,
prompting analysis of cysteine usage in this and other hyperthermophilic viral genomes. The analysis
supports a general abundance of disulﬁde bonds in the intracellular proteins of hyperthermophilic viruses,
and reveals decreased cysteine content in the membrane proteins of hyperthermophilic viruses infecting
Sulfolobales. The evolutionary implications of the SSV1 distribution are discussed.
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The last decade has seen a rapid increase in our knowledge of viruses
infecting the Archaea. Approximately 50 such viruses are described in
the current literature with roughly equal numbers isolated from the
Euryarchaeota (principally methanogens and halophiles) and Crenarch-
aeota (including thermophiles and hyperthermophiles) respectively.
However, in comparison to more than 5000 viruses known to infect
bacterial and eukaryotic hosts, archaeal viruses are extremely under-
represented and our knowledge of these unique viruses remains limited
(Ortmann et al., 2006; Prangishvili et al., 2006). This is particularly truet of Chemistry and Biochem-
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l rights reserved.of viruses inhabiting the Crenarchaea. These viruses, many of which are
found within the hot springs of Yellowstone National Park and other
high-temperature environments worldwide, are often found to be
morphologically unique. Further, their predicted gene products show
little similarity to DNA sequence on deposit in the NCBI (National Cen-
ter for Biotechnology Information) and other public databases, hinder-
ing functional annotation of these viral genomes. In addition, little is
known regarding viral life cycles, virus–host relationships, genetics or
biochemistry.
Sulfolobus spindle-shaped viruses (SSVs), or Fuselloviridae, are
ubiquitous to high-temperature (N70 °C), acidic (pHb4) hot springs
around the world (Martin et al., 1984). SSV1 represents the type virus
for this family (Palm et al., 1991), as well as the ﬁrst hyperthermophilic
crenarchaeal virus to be discovered. Relative to other viruses of the
Crenarchaea, SSV1 has been the subject of numerous studies, with the
Table 1
Data collection
Data set Se-edge Se-peak Se-remote
Wavelength (Å) 0.979320 0.979180 0.891940
Space group R3 (Hexagonal setting)
Cell constants (a,b,c; Å) α=β=90.00°, γ=120.00° 87.72, 87.72, 34.49
Resolution rangea (Å) 25.53–2.3 (2.36–2.30)
Unique reﬂectionsa 4410 (330) 4386 (331) 4411 (333)
Average redundancya 7.7 (7.4) 7.6 (7.3) 7.7 (7.3)
I/σa 21.5 (12.7) 16.2 (10.3) 20.6 (12.3)
Completeness (%) 99.7 (100) 99.7 (100) 99.8 (100)
Rsym
a,b (%) 6.6 (11.1) 8.8 (12.6) 6.9 (11.3)
aNumbers in parenthesis refer to the highest resolution shell.
bRsym=100⁎ΣhΣi|I(h)−bI(h)N| /ΣhI(h) where Ii(h) is the ith measurement of reﬂection
h and bI(h)N is the average value of the reﬂection intensity.
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viruses. SSV1 is characterized by a 60×100-nm spindle or lemon-
shaped particle (Fig. 1) with short tail ﬁbers at one end (Palm et al.,
1991). Packaged within the virion is a 15.5-kb circular double-
stranded DNA genome that contains 34 open reading frames (ORFs)
(Palm et al., 1991). Due to limited similarity between the SSV1 genome
and the nonredundant NCBI database, standard BLAST type searches
are generally unsuccessful in identifying protein homologues. Thus,
despite relatively extensive study of SSV1, functions have been
suggested for only a few of the gene products.
Initial characterization of puriﬁed SSV1 identiﬁed three struc-
tural proteins, VP1, VP2 and VP3 (Reiter et al., 1987). In addition,
early analyses of the genome revealed similarity between D335 and
integrase genes belonging to the type I tyrosine recombinase family
(Argos et al., 1986; Muskhelishvili et al., 1993), while B251 shows
limited sequence similarity to the nucleotide binding protein DnaA
(Koonin, 1992). More recent work has employed biochemical and
structural analysis to suggest functional and evolutionary relation-
ships. The structure of SSV1 D63 (Kraft et al., 2004a), which is
remarkably similar to Repressor of Primer (ROP) (Banner et al., 1987;
Eberle et al., 1991), suggested an adaptor protein function (Kraft
et al., 2004a). ROP is an adaptor protein that regulates colE1 plasmid
copy number in E. coli (Helmer-Citterich et al., 1988). D63 may play
an analogous role in regulating replication of the SSV1 genome.
Similarly, structural and biochemical characterization reveals a
homodimeric winged helix protein for F93 (Kraft et al., 2004b).
This work, which was the ﬁrst to demonstrate occurrence of the
winged helix fold in crenarchaeal viral genomes, suggested that F93
may serve as a transcription factor or a replication terminator pro-
tein (Kraft et al., 2004b). We, and others (M. Dlakic, personal com-
munication) (Prangishvili et al., 2006), have subsequently noticed
motifs for additional classes of DNA binding proteins in SSV1; E51
and C80 are predicted ribbon–helix–helix proteins with weak sim-
ilarity to the CopG family of proteins, while A45, A79 and B129
contain motifs suggestive of C2H2 zinc ﬁngers. However, functional
annotation for the remaining 22 members of the SSV1 genome has
not been made at any level.
Interestingly, Palm et al. noted that the cysteine-containing gene
products are clustered in the T5 and T6 transcripts of the SSV1 genome
(Palm et al., 1991). While particularly noticeable in SSV1, cysteine poor
sectors are alsoapparent in thegenomesof otherFuselloviridae (Stedman
et al., 2003;Wiedenheft et al., 2004) and Sulfolobus Turreted Icosahedral
Virus (STIV) (Larson et al., 2007a). Signiﬁcantly, clustering of cysteine-
containingORFs in the SSV1 and SSV2 genomes has led to the suggestion
that Fuselloviridae arose from a genome fusion event (Palm et al., 1991;
Stedman et al., 2003). Here we report the initial biochemical character-
ization and structural analysis of SSV1 F112. In addition, the presence of
an intramolecular disulﬁde bond has prompted us to further analyze theFig. 1. Negative stain transmission electron micrograph of Sulfolobus spindle-shaped
virus Y1 isolated from Yellowstone National Park, USA. The approximately 60×90-nm
spindle-shaped virus particles have tail ﬁbers projecting from one end (visible in the
center of the micrograph between the two particles).cysteine distribution in the SSV1 genome, and the genomes of hyper-
thermophilic viruses in general.
Results
The F112 construct used in this study encodes a total of 118
residues, 112 corresponding to the native protein plus an N-terminal
His-tag, with a total calculated mass of 14.0 kDa. Analytical runs on a
calibrated Superdex™ S-75 column suggest a molecular weight of
20 kDa (data not shown), intermediate between the expected sizes of
a monomer and dimer. Dynamic light scattering, however, indicates a
particle diameter of 29.6 Å, strongly suggesting the monomer.
Structure of F112
The protein crystallizes in space group R3 with a single molecule in
the asymmetric unit. The structure was determined at 2.3 Å resolution
using multiwavelength anomalous diffraction (Hendrickson and Ogata,
1997) with crystals of selenomethionine incorporated protein (Hen-
drickson et al., 1990). Detailed statistics on data collection and structure
reﬁnement are presented in Tables 1 and 2. As expected, the structure
reveals a monomeric protein. Interpretable electron density begins at
the N-terminus with residue 4 of the native sequence and ends at
residue 73. Residues 74 through 112 were not visible in the electron
density, and accordingly not modelled.
The structure of the N-terminal domain reveals a winged helix–
turn–helix motif (wHTH). This motif typically contains a right-handed
three helix bundle that deﬁnes the HTH motif, ﬂanked by a two- or
three-stranded antiparallel β-sheet that constitutes the wing (Fig. 2).
In the case of F112, the polypeptide runs from the N-terminus, throughTable 2
Model reﬁnement
Rcryst
c (%) 17.3
Rfree
c (%) 19.9
Real space CCd (%) 94.8
Mean B value (overall; Å2) 23.5
Coordinate error (based on maximum likelihood, Å) 0.121
RMSD from ideality:
Bonds (Å) 0.007
Angles (°) 0.923
Ramachandran plote:
Most favored (%) 90.8
Additional allowed (%) 9.2
PDB accession code 2VQC
cRcryst =Σ||Fo|− Fc|| /ΣFo| where Fo and Fc are the observed and calculated structure
factor amplitudes used in reﬁnement. Rfree is calculated as Rcryst, but using the “test”
set of structure factor amplitudes that were withheld from reﬁnement (4.9%).
dCorrelation coefﬁcient (CC) is an agreement between the model and 2mFo–DFc density
map.
eCalculated using PROCHECK (Laskowski et al., 1993).
Fig. 2. Structure of F112. (A)Stereo image of the F112 structure. The polypeptide traces from the N-terminus (+H3N) through helix α1, strand β1, helices α2 and α3, strands β2 and β3to
the C-terminus (COO−). The α3-helix is the recognition helix, which typically binds the major groove of the DNA. The reverse turn between strands, β2 and β3 forms the wing of the
wHTHmotif. Generally, thewing also contacts the DNA. The intramolecular disulﬁde bond between Cys51(α3) and Cys58(β2) is depicted as a stickmodel, with sulfur atoms in yellow.
(B) Relative to the orientation in panel A, F112 is rotated 90° about the horizontal axis. The secondary structural elements are labelled as in panel A. The view is now along the axis of
the recognition helix. The disulﬁde bond is depicted as a stick model surrounded by the green mesh of difference electron density (contoured at 5σ) in which the sulfur atoms were
omitted frommodel reﬁnement. (C) Structure of E2F4–DP2–DNA complex (PDB ID 1CF7). The DP2monomer is depicted in blue and the E2F4 monomer is in green. The orientation of
DP2 is equivalent to that of F112 in panel B, with the recognition helix (α3) running perpendicular to the plane of the paper. DP2 utilizes its N-terminal residues, the recognition helix
and the wing to recognize the DNA.
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to complete the wing. Proteins displaying this fold commonly insert
the third helix, or recognition helix, into the major groove of their
target DNA to form speciﬁc interactionswith the bases. Residues on the
recognition helix also commonly interact with the phosphodiester
backbone of the DNA. In addition, further interactions with the ribose-
phosphate backbone commonly come from residues at the N-terminus
of helixα1 and from residues in thewing. In some cases, residues at the
tip of the wing are also found to insert into the minor groove of the
target DNA (Aravind et al., 2005).A search for structural homologues using DALI (Holm and Sander,
1993) and VAST (Gibrat et al., 1996) returns a multitude of proteins
containing winged helix domains similar to that of F112. This includes
DP2 (PDB 1CF7-B, DALI Z-score=6.0, RMSD=2.6 Åwith 11% identity over
61 aligned residues), a winged helix DNA binding protein that forms
a heterodimeric complex with E2F4, a second winged helix protein
(Zheng et al., 1999). The complex plays a central role in the eukaryotic
cell cycle where it promotes transition from G1 to S phase. As expected,
the recognition helix (α3) of DP2 is foundwithin the DNAmajor groove,
with the wings contacting the ribose-phosphate backbone. A similar
Fig. 4. Stability of F112 +/− 5 mM TCEP followed using far UV CD spectroscopy. The
fraction of folded protein, normalized to the starting ellipticity at 222 nm, is plotted as a
function of temperature. The melting point (Tm) was obtained from the inﬂection point
of the spectra. The Tm for F112 in the absence of TCEP (□) could not be determined, but
in the presence of 5 mM TCEP (▪), the Tm falls to 78 °C, a decrease of more than 14 °C.
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complex [PDB ID 1CF7, (Zheng et al.,1999)] upon F112 (Bailey,1994). The
docking suggests that Asn42, Gln44 and/or Arg45 of F112 are likely to
contribute to base speciﬁc interactions with the target DNA sequence.
Further, the calculated electrostatic potential on the surface of F112
reveals areas of signiﬁcant positive potential that are appropriately
positioned for interaction with the ribose-phosphate backbone.
Structural similarity to prokaryotic wHTH proteins is also seen,
including SarR (PDB 1HSJ-A, DALI Z-score=5.5, RMSD=2.2 Å with 10%
identity over 61 aligned residues), a homodimeric transcription factor
that regulates production of the SarA transcript in Staphylococcus
aureus (Liu et al., 2001). The structural similarities between F112 and
proteins like DP2 and SarR suggest that F112 will also function as a
transcriptional regulator. However, the winged helix motif has been
adapted for other purposes. It is found in larger proteins where it
provides a DNA binding activity that complements nucleic acid asso-
ciated enzymatic activities. It is also found less frequently in nucleic
acid independent roles; for example, as a domain involved in me-
diating protein–protein interactions (Aravind et al., 2005). The small
size of F112 would seem to rule out an intrinsic enzymatic activity,
while the disordered C-terminus would seem a more likely candidate
for any protein–protein interactions. This suggests the DNA binding
function as the most likely role for the N-terminal winged helix do-
main of F112.
To test this prediction, we looked for interactions between F112
and double-stranded DNA using an electrophoretic mobility shift
assay (EMSA). While demonstration of a high afﬁnity protein–DNA
interaction requires isolation and/or knowledge of a speciﬁc recogni-
tion sequence, most sequence speciﬁc DNA binding proteins also
show non-speciﬁc interactions with DNA at elevated DNA or protein
concentrations (Larson et al., 2007a,b). Indeed, non-speciﬁc interac-
tions are clearly seen in EMSAs using F112 at low micromolar con-
centrations and small randomly chosen, DNA fragments, both from the
SSV genome (Fig. 3) and other organisms (not shown). A search for a
high afﬁnity interaction using a library of PCR ampliﬁed DNA frag-
ments covering the SSV1 genome was unsuccessful, although this
approach has worked nicely for STIV F93 (Eilers and Lawrence, un-Fig. 3. Non-speciﬁc binding of F112 to double-stranded DNA. Protein–DNA interactions
were monitored with agarose gel electrophoresis. DNA was stained with ethidium
bromide and visualized by UV illumination. Lane 1 contains a 100-bp DNA ladder. Lane 2
contains the 153-bp DNA fragment in the absence of F112. Lane 3 contains DNA in the
presence of a 5-fold molar excess of F112 resulting in a shift in the mobility of the DNA.published). The search for a high afﬁnity binding site may be more
successful if an F112 heterodimer can be identiﬁed.
Disulﬁde bonds
One notable aspect of the F112 structure is the presence of an
intramolecular disulﬁde bond. Clear electron density is observed be-
tween Cys51 in helix α3 and Cys58 in strand β1, with the 2.0-Å sulfur–
sulfur distance typical of a disulﬁde (Fig. 2). At ﬁrst glance, this might
seem surprising, as DNA binding proteins typically reside in a reducing
intracellular environment in most organisms, one that is generally not
conducive to disulﬁde formation (Kadokura et al., 2003). However, the
crystal structure of SSV1 B129, a zinc-ﬁnger DNA binding protein, also
reveals a disulﬁde bond (Eilers et al. and Lawrence, unpublished).
Further, biochemical and genomic analysis demonstrates that dis-
ulﬁdes are common in the intracellular proteins of many hyperther-
mophilic organisms, where their frequencies correlate with increased
growth temperatures, suggesting they contribute to protein thermo-
stability (Beeby et al., 2005; Mallick et al., 2002). The genomic ob-
servation has recently been extended to STIV (Larson et al., 2007a), a
hyperthermoacidophilic virus isolated fromYellowstone National Park
(Rice et al., 2004). Thus, the disulﬁde bonds in F112 and B129 may be
physiologically relevant, contributing to the thermostability of these
putative intracellular DNA binding proteins. Alternatively, F112 and
B129 might reside within the viral particle.
In order to address whether F112 and B129 might be packaged
within SSV1, we analyzed the puriﬁed SSV1 viral particle by mass
spectrometry. In addition to the previously identiﬁed proteins [VP1,
VP2 andVP3 (Reiter et al.,1987)],we identiﬁed twoadditional proteins,
C792 andD244, that had not previously been reported to copurifywith
SSV1. However, we found no evidence for the incorporation of F112 or
B129.While this does not prove their absence from the viral particle, it
is consistent with an intracellular distribution.
We next examined the ability of the disulﬁde bond to contribute to
the thermostability of F112 using far UV-CD spectroscopy, plus and
minus 5 mM TCEP (Tris[2-carboxyethyl] phosphine) (Fig. 4). Initial
wavelength scans at 40 °C, +/− TCEP, gave superimposable scans in-
dicating well folded protein in both cases (Supplementary Fig. 1).
Thermal melts followed ellipticity at 222 nm from 40 to 92 °C, the
maximum accessible temperature. We were unable to measure a Tm in
the absence of TCEP over this temperature range (TmN90 °C), pre-
sumably due to protein thermostability. However, in the presence of
5 mM TCEP, we measured a Tm of 78 °C (inﬂection point), suggesting a
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in vivo will depend upon the redox potential of the intracellular en-
vironment. At present, little is known regarding smallmolecule thiols or
the intracellular redox potential present in Sulfolobus solfataricus,
although the work of Yeates and colleagues suggests that intracellular
disulﬁdes are common in this hyperthermophile (Beeby et al., 2005;
Mallick et al., 2002). In addition, disulﬁde bonds can show surprising
stability, even in a reducing environment (Gilbert, 1995), where the
stability of the disulﬁde and the stability of the protein are directly
correlated (Gilbert, 1995). Thus, even in a reducing environment, a
particularly stable disulﬁde may confer protein thermostability.
Discussion
A recent, comprehensive bioinformatics study (Prangishvili et al.,
2006), concluded that the genomescapes of crenarchaeal viruses
remain relatively barren of recognizable features, and that only a small
fraction of the genes are conserved in other viruses or cellular life
forms. Despite this conclusion, they were able to identify 8 members
of the helix–turn–helix family within the available crenarchaeal viral
genomes. F112, however, was not among those. The F112 structure
thus demonstrates that additional proteins belonging to the helix–
turn–helix family remain to be identiﬁed, and suggests the frequency
of the HTH motif in these viral genomes may be a substantial un-
derestimate. In addition, this work again demonstrates the value of
structural annotation in these unique viral genomes.
Intracellular disulﬁdes
In contrast to the intracellular proteomes of mesophilic organisms,
biochemical and genomic evidence, including sequence-structure
mapping, strongly suggest that intracellular disulﬁdes are common in
at least 15 (hyper)thermophilic organisms (Beeby et al., 2005; Mallick
et al., 2002). Interestingly, in P. aerophilum, where sequence-structure
mapping gives an extremely high cysteine–cysteine proximity score,
proteins that are 100–200 residues in size show a clear preference for
even numbers of cysteine residues (Mallick et al., 2002). Similarly, the
intracellular proteome of STIV also favors proteins with even numbers
of cysteines, and two available structures conﬁrm the presence of
disulﬁdes (Larson et al., 2007a,b). The observation that the two
cysteines in SSV1 F112 form a disulﬁde bond, and the observation of a
similar disulﬁde in SSV1 B129, suggest that intracellular disulﬁdes are
also common to the intracellular SSV1 proteome. Further, in conjunc-
tionwith the work in STIV, it suggests that intracellular disulﬁdes may
be common to hyperthermophilic viruses in general. Indeed, a
preference for intracellular proteins with an even number of cysteines
is seen in at least 3 additional viral families, and is not limited to
viruses infecting Sulfolobales (Menon and Lawrence, unpublished).
These include SIRV2 from the Rudiviridae (Prangishvili et al., 1999),
AFV1 from the Guttaviridae (Bettstetter et al., 2003), and PSV and
TTSV1of the Globuloviridae (Ahn et al., 2006; Haring et al., 2004), but
not SSV1 of the Fuselloviridae. However, as discussed above, only
genomes with the highest cysteine–cysteine proximity scores (N40%)
are expected to show a preference for even numbers of cysteines in
their intracellular proteome (Beeby et al., 2005; Mallick et al., 2002).
Thus, as we apparently see for F112, the lack of an obvious preference
for even cysteine numbers is not inconsistent with the use of
intracellular disulﬁdes, and is in fact common. In this light, the clear
preference for intracellular proteinswith even numbers of cysteines in
STIV, SIRV2, AFV1, PSV and TTSV1 is truly noteworthy.
We believe that the physical basis for the prevalence of even
numbers of cysteines in the intracellular proteins of thermophilic
viruses is two-fold. First, if disulﬁde bonds confer a selective ad-
vantage, i.e., through thermostability, one would expect evolutionary
pressure tomaintain cysteine residues in pairs. Second, the presence of
an intracellular protein disulﬁde oxidoreductase in a select group ofthermophiles, including Sulfolobus solfataricus, the SSV1 and STIV host,
suggests that they have cytoplasmic activities that catalyze disulﬁde
bond formation (Beeby et al., 2005). Thus, unpaired, surface exposed
cysteines might be selected against, as they could form inappropriate
intermolecular disulﬁdes, leading to non-speciﬁc aggregation and loss
of activity. Importantly, while a preference for an even number of
cysteine residues at the genomic level may indicate intracellular
disulﬁdes are common (Larson et al., 2007a; Mallick et al., 2002), it
does not imply the presence of disulﬁde bonds in any speciﬁc protein,
even one that contains an even number of cysteines. This is in direct
contrast to sequence-structure mapping which can make predictions
for a speciﬁc protein (O'Connor and Yeates, 2004). Thus, many
cysteines in the intracellular proteome may remain as the free thiol,
or mediate interactions with metals. In addition, proteins with only a
single cysteine may form intermolecular disulﬁde bonds, as observed
in STIV F93 (Larson et al., 2007a).
The eukaryotic Poxviruses are large double-stranded DNA viruses
that replicate within the cytoplasm of infected cells. Interestingly,
cytoplasmic virus maturation is critically dependent upon formation
of disulﬁde bonds in the viral surface proteins, and Pox virus genomes
generally encode themachinery necessary to carry out this task (Gross
et al., 2004; Senkevich et al., 2000a,b; Senkevich et al., 2002a,b; Su
et al., 2006; White et al., 2002). By analogy, similar machinery also
appears to be present in the genomes of asfarviruses, iridoviruses
and phycodnaviruses (Iyer et al., 2001). Thus, formation of viral di-
sulﬁde bonds in the cytosol of the host may represent yet another
distant similarity between crenarchaeal viruses and the large double-
stranded DNA viruses of eukaryotes.
Cysteine in virally encoded membrane proteins
While examining cysteine distributions in hyperthermophilic viral
genomes, we noticed a paucity of cysteine residues in the predicted
membrane proteins of many viruses infecting Sulfolobales. For
example, the predicted membrane proteins (Krogh et al., 2001;
Sonnhammer et al., 1998) in STIV (C67, B130, A55, C92, B174 and C557)
lack cysteine altogether, while the nonmembrane STIV proteins show
a cysteine content of 0.95%. Similarly, the cysteine content in predicted
SSV1 membrane proteins (Fig. 5) is 0.08%, while the cysteine
frequency in nonmembrane proteins is 1.44%. This dichotomy in the
cysteine content of membrane versus nonmembrane proteins is also
apparent in the genomes of SSV2 (0.09% membrane, 0.89% nonmem-
brane), SSV3 (0.18%, 0.98%), SSVK1 (0.19%,1.02%), SSVRH (0.12%,1.07%),
SIRV1 (0.10%, 0.87%), SIRV2 (0.38%, 0.96%) and STSV1 (0.11%, 0.60%)
(Prangishvili et al., 1999; Stedman et al., 2003; Wiedenheft et al.,
2004; Xiang et al., 2005). In fact, the only outlier among viruses
infecting Sulfolobales is SIFV (Arnold et al., 2000), where the cysteine
content in predicted membrane proteins is 1.77%, and that in the
nonmembrane proteins is 1.13%. However, with the exception of Aci-
dianus Two-tailed Virus [ATV, 0.31%, 0.63% (Haring et al., 2005)] and
Pyrobaculum Spherical Virus [PSV, 0.50%, 1.37% (Haring et al., 2004)],
the reduced cysteine content in predictedmembrane proteins appears
to be restricted to viruses infecting the Sulfolobales.
Genome organization and viral evolution
In this regard, most viruses infecting Sulfolobales are thought to be
enveloped viruses (exceptions are SIRV1 and SIRV2). Thus, it is not
surprising that many proteins identiﬁed in the SSV1 and STIV viral
particles are membrane proteins, that cluster in the cysteine poor
regions of their genomes (SSV1: VP1, VP3, and C792; STIV: B164, B345,
B109, B130, A55 and A78). In SSV1 (Fig. 5), this clustering is reﬂective
of the polycistronic transcripts and the operon-like organization of the
SSV1 genome (Palm et al., 1991). Thus, consistent with the locations
and cysteine content of VP1, VP3 and C792, the cysteine poor regions
are likely to contain viral coat proteins, proteins that direct late stages
Fig. 5. The SSV1 genome map. Open reading frames that lack cysteine codons are in
white, those with an even number of cysteine codons are in black, and those with an
odd number of cysteine codons are in grey. Open reading frames coding for predicted
membrane proteins are marked with a plus sign (+) while those coding for particle
associated proteins are labelled with an asterisk (⁎). The right half of the viral genome is
cysteine rich and encodes an abundance of putative intracellular proteins. In contrast,
the left side is cysteine poor and contains many of the predicted membrane proteins (+).
The map was made using Vector NTI Advance 10.1.1 (Invitrogen).
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in viral egress. In contrast, the cysteine rich regions encode the viral
integrase (D335) (Argos et al., 1986; Muskhelishvili et al., 1993), the
ROP-like D63 (Kraft et al., 2004a), winged helix proteins such as F93
(Kraft et al., 2004b) and F112 (this work), and zinc-ﬁnger proteins such
as B129 [Eilers and Lawrence, unpublished, (Prangishvili et al., 2006)],
suggesting that cysteine rich regions of the genome are likely to
encode cellular proteins involved in virus multiplication or lysogeny.
Consequently, the cysteine rich regions are likely to encode early gene
products, while the cysteine poor regions are more likely to represent
late gene products (Frols et al., 2007; Palm et al., 1991), consistent with
themicroarraywork of Frols et al. (2007). Thus, one need not postulate
a genome fusion event (Palm et al., 1991; Stedman et al., 2003) to
understand the clustering of cysteine-containing ORFs in SSV1 (Palm
et al., 1991) and other fuselloviridae (Stedman et al., 2003; Wiedenheft
et al., 2004). Further, in viruses infecting Sulfolobales (STIV for ex-
ample), the presence of cysteine rich and cysteine poor sectors can
provide valuable insight into the functional organization of the viral
genome.
Materials and methods
Cloning
ORF F112 was ampliﬁed using a nested Polymerase Chain Reaction
(PCR). SSV1 DNA was puriﬁed as previously described (Stedman et al.,
2003; Wiedenheft et al., 2004) and used as template. The PCR prim-
ers introduce a Shine–Dalgarno sequence, an N-terminal 6X His-tag
and attB sites to facilitate ligase free subcloning using site-speciﬁc
recombination (Gateway-Invitrogen). The internal forward and reverse
primers were 5′-ATGCATCACCATCACCATCACATGAGTGCGTTAGGC-
GATGT-3′ and 5′-GTACAAGAAAGCTGGGTCCTATATTCTTTCCTCCT-
TAAGC C-3′, while the external forward and reverse primers were
5′-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAAC-CATGCATCACCATCACCATCAC-3′ and 5′-GGGGACCACTTTGTACAAGA-
AAGCTGGGTCCTA-3′, respectively. The PCR product was inserted into
pDONR201 via a site-speciﬁc recombination reaction. The sequence of
the resulting entry clone was veriﬁed using ABI BigDye Terminator
Cycle sequencing. The entry clone was then transferred into pDEST14
(Invitrogen) with a second site-speciﬁc recombination reaction, yield-
ing the expression vector pEXP14-F112.
Expression and puriﬁcation
For native F112 protein expression, BL21(DE3)-RIL E.coli cells
(Stratagene) were transformed with pEXP14-F112. Typically a single
colony was used to inoculate 5 ml of Luria Broth (LB)+100 μg/ml
ampicillin and 34 μg/ml chloramphenicol with growth for 5–6 h,
followed by expansion to a 25-ml overnight culture. The overnight
culture was then scaled up to 1 l and cells were grown to an OD600
between 0.6 and 0.8. Protein expressionwas induced using 1mM IPTG
(isopropyl-β-D-thiogalactopyranoside) for 4–6 h. Cells were harvested
by centrifugation at 3000 ×g (IEC PR-7000 M) for 20 min and the
pellets were stored at −20 °C.
For F112 puriﬁcation, cell pellets were thawed and resuspended at
5ml/g of cell pellet in lysis buffer (10mMTris, pH 8.0, 20mMNaH2PO4.
H2O, 1 M NaCl and 5 mM imidazole) along with freshly prepared
phenyl methyl sulfonyl ﬂuoride (0.1 mM PMSF). The cell suspension
was vortexed vigorously to homogenize the mixture. The homogenate
was thenpassed through a French Press (American InstrumentCo., Inc.,
Silver Springs, MD) to ensure complete lysis of the cells. The cell lysate
was incubated at 65 °C for 20 min to denature contaminating E. coli
proteins, and clariﬁed by centrifugation at 22,000 ×g for 20 min. The
supernatant was applied to a column containing a 3–5-ml bed volume
of HIS-Select™ Nickel Afﬁnity Gel (Sigma-Aldrich). The column was
washed with 10 column volumes of wash buffer (10 mM Tris, pH 8.0,
20 mM NaH2PO4.H2O, 1 M NaCl, and 10 mM imidazole) and F112 was
eluted in 10 mM Tris, pH 8.0, 20 mM NaH2PO4.H2O, 300 mM NaCl
and 200mM imidazole. F112was then applied to a calibrated Superdex
S-75 (Amersham-Pharmacia) column equilibrated with 10 mM Tris
(pH 8.0) and 50 mMNaCl. Protein concentrations were determined by
Bradford assay (Bradford, 1976) using Protein Assay Reagent (Bio-Rad)
and BSA as a standard. The purity and molecular weight of F112 were
conﬁrmed by SDS-PAGE and MALDI-TOF mass spectrometry. MALDI-
TOF MS was performed with a Bruker Biﬂex III in the matrix alpha-
cyano-4-hydroxycinnamic acid. Dynamic light scattering (DLS) mea-
surements to determine the oligomeric state of F112 were made on a
Brookhaven Instruments ZetaPals (phase analysis light scattering)
particle size/ζ potential analyzer. DLSwasmeasured at 90° using a 661-
nm diode laser and the correlation functions were ﬁt using a con-
strained least-squares analysis as described (Gauss et al., 2006).
For production of selenomethionine-labelled protein (SeMet-F112),
the methionine auxotroph B834 (DE3) E.coli (Novagen) was trans-
formedwithpEXP14-F112. A single colonywas used to inoculate a 5-ml
overnight LB/AMP culture. The culture was centrifuged at 500 ×g to
pellet the cells, and the pellet waswashed twicewith 0.5ml ofMilli-Q-
H2O, and resuspended in 1 l of SeMet medium (Ramakrishnan et al.,
1993). Subsequent expression and puriﬁcation of SeMet-labelled F112
was identical to that described above for the native protein. Theyield of
SeMet-labelled F112 was generally 1–1.5 mg/g of cell pellet.
Crystallization and data collection
Puriﬁed F112 was concentrated to 10 mg/ml with spin concen-
trators. The protein was crystallized using hanging drop vapour dif-
fusion. Drops were setup at 24 °C using 2 μl of F112 and 2 μl of well
solution consisting solely of 0.1 M MES at pH 6.0. Crystals up to
0.2×0.07×0.01mm in sizewere obtained in 4weeks time. The crystals
were transferred to synthetic mother liquor containing 25% glycerol as
a cryoprotectant for 30min, and then ﬂash-frozen in liquid nitrogen. A
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edge was collected at the Stanford Synchrotron Radiation Laboratory
(SSRL beamline 9-2). Datawere integratedwithMosﬂm (version 6.2.4)
(Leslie, 2006), and scaled and reduced in space group R3 to a reso-
lution of 2.3 Å using SCALA (Evans, 2006).
Structure determination and reﬁnement
SOLVE (Terwilliger and Berendzen, 1999) was used to determine
the positions of the selenium-substructure and to calculate initial
phases. Two selenium sites per asymmetric unit were identiﬁed using
SOLVE. RESOLVE (Terwilliger, 2000) was used for density modiﬁcation
and initial model building. Iterative model building with O (Jones
et al., 1991) and reﬁnement with REFMAC5 (Bailey, 1994; Murshudov
et al., 1997) led to the ﬁnal model. Because residues comprising the
N-terminal His-tag were disordered, we chose to number residues in
the model such that they are consistent with the native, non-tagged
protein sequence. Amino acids 1–3 at the N-terminal and 74–112 at
C-terminal end were not modelled due to the lack of interpretable
electron density. TLS parameters (Painter and Merritt, 2006a,b) were
included in the reﬁnement, wherein the F112 monomer was divided
into 15 TLS groups (1: 4–8, 2: 9–12, 3: 13–16, 4: 17–20, 5: 21–25, 6:
26–30, 7: 31–35, 8: 36–39, 9: 40–43, 10: 44–47, 11: 48–51, 12: 52–56,
13: 57–61, 14: 62–66, 15: 67–72). The ﬁnal R factors for the model
were 19.9%/17.3% (Rfree/Rcryst) respectively.
Structural analysis and coordinates
Three dimensional structural homology searches were carried out
using the DALI (Holm and Sander, 1993) and VAST (Gibrat et al., 1996)
servers. Superposition of DP2 upon F112 was done with LSQKAB
(Bailey, 1994; Kabsch, 1976). Structural ﬁgures were generated with
PYMOL (DeLano Scientiﬁc). Coordinates and structure factors have
been deposited in the Protein Data Bank under accession code 2VQC.
Circular Dichroism (CD) spectroscopy
CD spectroscopy was performed on a Jasco-810 spectropolarimeter
with constant N2 ﬂushing (Jasco, Inc., Easton, MD). A Lauda circulating
water bath with Peltier thermal regulator was used to control the
temperature of the optic cell chamber, where rectangular cells of 1 cm
path length were used. For CD wavelength scans, a protein stock
solution of each polypeptide (0.5 mg/ml) in 10 mM Bis–Tris, pH 6.5,
and 50 mM NaCl was diluted (60–80 μl) into buffer with or without
5 mM TCEP to achieve a normalized starting ellipticity of −14.0, at an
approximate concentration of (0.25–0.33 μM). Protein stability was
measured at wavelength 222 nm, indicative of secondary structure of
α-helices, by thermal denaturation. For thermal melting experiments,
data points were taken at 1 °C intervals at a scan rate of 60 °C/h from
40 °C to 92 °C.
Electrophoretic mobility shift assays
Non-speciﬁc binding of F112 to DNA was characterized using
electrophoretic mobility shift assays (EMSA). A randomly chosen
fragment of the SSV1 genome was PCR ampliﬁed and used as tem-
plate in the EMSA studies. This PCR ampliﬁed 153 base pair DNA
template consisted of bases 5177–5323 of the SSV1 genome. The
forward and the reverse primers used for ampliﬁcation were 5′-
GTGATGGTGATGGTGATGA-TGGGATGTGCAAAATC-3′ and 5′-CAA-
GAAAGCTGGGTCCTAGAACAAATCATTTAT-TG-3′, respectively. The
ampliﬁed DNA (1-μM ﬁnal concentration when present) was in-
cubated with or without F112 (5-μM ﬁnal concentration), at 65 °C for
30 min in 20 mM Bis–Tris pH 6.5, 50 mM KCl, 5% glycerol and 1 mM
EDTA. Samples were electrophoresed in a 1.6% agarose gel containing
ethidium bromide, using 25mMhistidine and 30mMMOPS at pH 6.3as the running buffer, for 40 min at 110 V. DNA was visualized by UV
illumination.
SDS-PAGE analysis of puriﬁed virus and in-gel digestion for protein
identiﬁcation
Virus was puriﬁed as described by Schleper et al. (1992). Puriﬁed
virus was denatured and separated on 4–20% SDS-PAGE gels, and
stainedwith Coomassie brilliant blue R250 (Bio-Rad), and protein bands
were excised. The gel slices were cut into smaller pieces, destained by
using 50% acetonitrile in 50 mM ammonium bicarbonate (pH 7.9), and
vacuum dried. Gel slices were destained until the blue color dissipated.
Samples were rehydrated with 1.5 mg/ml DTT in 25 mM ammonium
bicarbonate (pH 8.5) at 56 °C for 1 h, and subsequently alkylated with
10 mg/ml iodoacetamide in 25 mM ammonium bicarbonate (pH 8.5)
and stored in the dark at room temperature for 1 h. Thepieceswere then
washed with 100 mM ammonium bicarbonate (pH 8.5) for 15 min,
washed twice with 50% acetonitrile in 50 mM ammonium bicarbonate
(pH 8.5) for 15 min each, vacuum dried, and rehydrated with 4 µl of
proteomics grade modiﬁed trypsin (100 µg/ml; Sigma) in 25 mM
ammonium bicarbonate (pH 8.5). The pieces were covered in a solution
of 10 mM ammonium bicarbonate with 10% acetonitrile (pH 8.5) and
incubated at 37 °C for 16 h. Solution digestion of viral capsid proteins
using thermolysin and LysC followed by trypsin was also performed.
Puriﬁed capsid buffer (15 µl 50mMTris (pH 8.8) plus 10 µl 1.5 M NaOH)
was added to 200 µl of virus in citrate buffer for a ﬁnal pH of 8.4; the
optimum alkalinity for LysC. A volume of 1 µl of LysC (Proteomic grade,
Sigma)was added to 10 µl of virus solution in the presence or absence of
8Murea, DTT, and IAA; the reactionproceeded at 37 °C for 12 h. A three-
fold volume of 50mMTris (pH 8.8) was added, followed by the addition
of 2 µl of trypsin and 1.4 µl of 0.1MCaCl2. The sampleswere incubated at
37 °C for 2 h.
Nanospray LC-MS/MS
Peptides eluted from the in-gel digests were analyzed on an
integrated Agilent 1100 LC-MSD-Trap (XCT-plus) controlled with
ChemStation LC 3D (Rev A.10.02). The Agilent XCT-plus ion trap
mass spectrometer is ﬁtted with an Agilent 1100 CapLC and nano-LC
sprayer under control of MSD Trap control version 5.2 Build # 63.8
(Bruker Daltonic GmbH). Injected samples were ﬁrst trapped and
desalted isocratically on a Zorbax 300 SB-C18 Precolumn (5 µm,
5×300-µm ID, Agilent) for 5 min with 0.1% formic acid delivered by
the auxiliary pump at 3 µl/min. The peptides were then reverse eluted
from the precolumn and loaded onto an analytical C18 capillary
column (15-cm by 75-µm inside diameter, packed with 3.5-µm Zorbax
300, SB C18 particles; Agilent) connected inline to the mass spectro-
meter with a ﬂow of 300 nl/min. Peptides were eluted with a 15–50%
acetonitrile gradient over 50 min. Data-dependent acquisition of
collision induced dissociation (CID) MS/MS was utilized. Parent ion
scans were run over the mass range m/z 400 to 2000 at 8100 m/z-s.
MGF compound list ﬁles were used to query an in house database
using Biotools software version 2.2 (Bruker Daltonic) with 0.2 Da MS/
MS ion mass tolerance. Samples were run in parallel on a Waters
Q-TOF Premier mass spectrometer equipped with a nano-Acauity
LC system and MassLynx 4.0 software under similar conditions.
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